This letter presents an image rectification scheme that can be used by any image watermarking algorithms to provide robustness against rotation, scaling and translation (RST) transformations. key words: digital image watermarking, log-polar mapping, filtering, RST invariant
Introduction
Rotation, Shifting, and Translation (RST) invariant image watermarking is a very important research topic. In this letter, we report a new filtering method in the log-polar mapping (LPM), and a novel rectification method that can be used in any RST invariant image watermarking algorithms. We get a log-polar mapping of an image by calculating the Fourier transform of the image and resampling the Fourier transform magnitudes into log-polar coordinates. Rotation and scaling in the spatial domain result in translational shifts in the LPM domain. Translation in the spatial domain has no effect in the LPM domain. We cut a small block as a template from the LPM domain during watermark embedding process, then calculate the cross-correlation between this template and the LPM spectrum of the watermarked image by using the new filtering method. As we will discuss later, the new filtering method is the only choice. From the location of its peak value, we can get the shift parameters for rotation and scaling. Thus, we can obtain the rotation and scaling parameters from the relationship between the two domains. We employ the same strategy to the image in the spatial domain and get the translational parameters. After obtaining RST parameters, we re-synchronize the transformed image for the watermark detection.
The RST Rectification Scheme

Log-Polar Mapping
Image rotation and scaling in the spatial domain result in translational shifts in the log-polar mapping. We assume that i(x, y) is an original image, and i (x, y) is the rotated, scaled, and translated version of the original image. We can 
where the RST parameters are α, σ and (x 0 , y 0 ) respectively. The magnitude of Fourier transform of i (x, y), |I (u, v)|, is independent of the translational parameters (x 0 , y 0 ), and can be represented as follows by using log-polar coordinates:
Eq. (2) demonstrates that the amplitude of the log-polar mapping spectrum is scaled by |σ| −2 , that image scaling results in a translational shift of ln σ along the log-radius ρ axis, that image rotation results in a cyclical shift of α along the angle θ axis, and that image translation has no effects in the LPM domain [2] .
Filters Design
We cut a small block (64×64) as a matching template from the LPM domain during the watermark embedding process. Rotation and scaling in the spatial domain result in translational shifts of the template in the LPM domain. We calculate the cross-correlation between this matching template and the LPM spectrum of the Fourier transform of the watermarked image, in order to find the translational shifts of the template. The key technique is to match the template in the LPM domain of the watermarked image having undergone RST attacks.
Suppose that the matching template is g and the image to match is f , and that the Fourier transform of f and g are respectively F and G. The two dimensional normalized cross-correlation can be used to match the template g and the image f . The major disadvantage of the crosscorrelation method is being time-consuming. According to the correlation theorem, the Fourier transform of the correlation between the two images is the product of the Fourier transform of one image and the complex conjugate of the Fourier transform of the other. Then we can write the correlation r between g and f as:
where 
3. Inverse filter
4. Phase-only filter
5. Binary phase-only filter
with
where G r stands for the real part of the Fourier trans-
It is understood that the phase information is considerably more important than the amplitude information in preserving the visual intelligibility of the image. A phase-only filter (POF) is obtained by setting the amplitude to the unity for all the frequencies. Normally, the phase-only filter yields much sharper correlation peaks and better discrimination. According to our experiments, the phase-only filter and the binary phase-only filter perform reasonably well when there is no rotation or scaling applied to the watermarked images. However, all these five types of traditional filters, include the phase-only filter, fail to produce acceptable discrimination when rotation or scaling or both applied to the watermarked image. Therefore, we have to devise a new filtering method that can be used for RST image watermarking.
From detection theory, correlation detectors are optimum in the case of a Linear Time Invariant (LTI), frequency non-dispersive, Additive White Gaussian Noise (AWGN) channel. However, in most cases, we use real images as our experimental targets, the power spectrums of which are not white. It is still possible to achieve optimum detection in the case of non-white Gaussian noise, by applying a so-called whitening filter at the input of the correlation receiver. This filter transforms the non-white input signal of the receiver to a signal with a constant power spectrum. As a result, we propose a new filtering method to transform the non-white spectrum in the LPM domain of an image to a mapping with a unity power spectrum, and then apply the phase-only filter to the resulting mapping. The new filtering method is described as follows:
where
The Rectification Scheme
Depending on the domain we embed watermark into, we use one or two templates to calculate the RST parameters by using the new filtering method. If we embed watermark in the Fourier transform domain or LPM domain, we need only one template from the LPM domain; if we embed watermark in the spatial domain, we need one template from the LPM domain and one template from the spatial domain of the original image respectively. These two templates are uncorrelated with watermark data, and they can be used for the same image watermarked with different data.
Calculation of Rotation and Scaling Parameters
First, we employ the template in the LPM domain to obtain the rotation and scaling parameters. The peak in the correlation spectrum is the position of the matching template in the LPM spectrum of the watermarked image having undergone attacks. Suppose the coordinates of the peak is (ρ 1 , θ 1 ), and we know the original position of the template is (ρ 0 , θ 0 ), so the translations are:
where ∆ ρ and ∆ θ are the number of pixels shifted along the ρ axis and the θ axis respectively. They are corresponding to the rotation and scaling parameters respectively in the spatial domain. Therefore, the rotation and scaling parameters can be calculated by Eq. (14).
where, M and N are respectively the number of pixels along ρ axis and θ axis in the LPM domain (M ×N is the size of the LPM domain), and M×N is the size of the magnitude spectrum of the Fourier transform. M ×N may be different from M×N because the sampling points can be increased or decreased during the LPM. α and σ are respectively the rotation angle and scaling ratio in the spatial domain calculated from ∆ θ and ∆ ρ in the LPM domain. Therefore, we can inverse the scaling and rotation transforms to synchronize the watermarked image geometrically.
Calculation of Translation Parameters
Because the magnitude of the Fourier transform of an image is independent of the translational parameters, we have to calculate the translational parameters in the spatial domain instead of the Fourier transform domain. We need to cut another block in the spatial domain as a template and compute the cross-correlation between this template and the watermarked image having undergone RST attacks by using the new filtering method. Suppose the coordinates of the peak is (x 1 , y 1 ), and we know the original position of the template is (x 0 , y 0 ), so the translational parameters are:
It is very easy to inverse the translation transform applied to the watermarked image.
Cost of the Rectification Scheme
In our implementation, the size of the template is 64×64 with 8 bpp (Section 3.1 gives the reason). So the file size of the template data is 4096 bytes. In practice, it can be compressed to minimize its data file size without losing computation accuracy in the new filtering method. In this letter, we simply use JPEG compression method to compress the template to 1 KB. All the following experiments are carried out under this compression ratio.
Evaluation of the Rectification Scheme
In this section, we evaluate our rectification scheme, by comparing its matching results and performance to other filters, and by giving detection accuracies for RST parameters. Fig. 1 shows the cross-correlation between the matching template and the LPM of the Fourier transform of the watermarked image for the phase-only filter and the new filtering method. In the figure, the watermarked image is rotated clockwise 10
Matching Performance
• and scaled 90%. In order to save space, we only display the matching results for our new filtering method and the phase-only filter because that the phase-only filter has the best performance among those five traditional filters. The classical matched filter and the amplitude-only filter have unacceptable discrimination. The inverse filter, the phase-only filter and the binary phase-only filter perform reasonably well when there is no rotation or scaling applied to the watermarked image. However, if the watermarked image has undergone rotation or scaling transform, these three filters fail to produce acceptable discrimination (refer to Fig. 1(a) for the matching result for the phase-only filter). The new filtering method gives extremely sharp peak no matter whether rotation and scaling are applied to the watermarked image or not (refer to Fig. 1(b) ). The sharp peak clearly indicates the position of the template in the LPM of the Fourier transform of the watermarked image.
The new filtering method performs reasonably well even for a smaller template and a fewer number of bits per pixel. We recommend that the minimum size for the matching template be 32×32, and that the minimum bits per pixel be 2 bits/pixel. Considering that the size of most images to be watermarked is much larger than 64×64, and that the images are most likely colored, we can say even a grey-scale matching template of 64×64 is not a big cost. The performance of 64×64 template is better than enough, and employing a larger template is not necessary.
We use the signal-to-noise ratio (SNR) and the peakto-correlation energy (PCE) to fairly compare the different filters listed in Section 2.2. The SNR measures the noise robustness, defined as [3] :
where C 0 is the peak value of the cross-correlation between the template and the LPM spectrum of the Fourier transform of the watermarked image, C i j is the cross-correlation between the template and the noise, and M×N is the size of the image. The higher the value of the SNR, the more robust the filter to noise. The PCE measures the sharpness of the correlation peaks, defined as [3] :
where, C i j is the cross-correlation between the template and the LPM spectrum of the Fourier transform of the watermarked image, and C 0 is the maximum value of C i j . The higher the value of the PCE, the sharper the peak value of cross-correlation compared with the sidelobe. Table 1 shows the performance of the different filters • in terms of SNR and PCE, where "No RS" means that there is no rotation or scaling transformation applied to the watermarked image, while "RS" means that the watermarked image is rotated clockwise 10
• and scaled 90%. In the LPM domain, the new filtering method and the phase-only filter have the highest SNR no matter whether rotation or scaling transformation or both are applied to the watermarked image or not, while the other filters are less robust to noise. The new filtering method has always the highest PCE, which measures the sharpness of the correlation peaks, among all the filters. Meanwhile, the classical matched filter and the amplitude-only filter have poor SNR and PCE.
Detection Accuracy
In this section, we describe the detection accuracy of this rectification method.
Rotation Degree
In our experiments, we use the image Lena as our test image, the size of which is 512×512. To increase the computation precision, we set the sampling numbers along the θ axis to be 1024, which means the size of the power spectrum of an image in the LPM is 512×1024. In our case, the shift of one pixel along the θ axis corresponds to the rotation angle 0.3516
• in the spatial domain according to Eq. (14). The imprecision of the rotation angles is the absolute value of the real rotation angles α subtracting the calculated rotation angle α , shown in the right column of Table 2 . According to our experimental results, the imprecision is almost always below 0.5
• , shown in Table 2 . According to Eq. (14), the shift of one pixel along the ρ axis corresponds to the scaling ratio 1.0116 in the spatial domain. The imprecision of the scaling ratio is the absolute value of the real scaling ratio σ subtracting the calculated scaling ratio σ , shown in the right column of Table 3 . According to our experimental results, the imprecision of the scaling ratio is always below 0.01, shown in Table 3 .
Translation
In the spatial domain, the detected translation parameters are very accurate when shifting the image by integer pixels. If shifting the image by non-integer pixels, the imprecision of the translation factor is at most 0.5 according to our experiments. In RST invariant image watermarking, the detection imprecision of the RST parameters can be tolerated by using a search in a small neighborhood of the detected parameters.
Applications
We have applied our rectification scheme to three watermarking applications, in which the watermark is embedded in the spatial domain (Application I), the magnitude of the Fourier transform domain (Application II), and the LPM of the Fourier transform of the image (Application III) respectively. In all the three applications, we use the new filtering method and the template cut from the LPM domain to calculate the rotation and scaling parameters (refer to Eq. (13) and Eq. (14)). For Applications I and II, we rectify the rotation and scaling the watermarked image has undergone. For Application III, we directly calculate the watermark position and detect in the LPM domain. For Application I we use the new filtering method and the template cut from the spatial domain to calculate the translation parameters (refer to Eq. (16)), and then rectify the translation the watermarked image has undergone.
Experimental results are extremely exciting and demonstrate that all these three applications are invariant to rotation, scaling and translation, and very robust to JPEG compression and noise pollution attacks.
Conclusions
In this letter we proposed a rectification scheme for RST invariant image watermarking. This scheme is based on the LPM and the new filtering method to get the geometric transformation parameters, based on which the geometrically transformed image can be re-synchronized. The matching results and performance comparison of the different filters showed that the new filtering method is the only one that can produce acceptable discrimination in the LPM domain. This RST rectification scheme can be used in any image watermarking algorithms that provide robustness to RST transformations.
